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Abstract. The solar photon output from the Sun, which was once thought to be constant, varies considerably over time scales
from seconds during solar flares to years due to the solar cycle. This is especially true in the wavelengths shorter than 190 nm.
These variations cause significant deviations in the Earth and space environment on similar time scales, which then affects
many things including satellite drag, radio communications, atmospheric densities and composition of particular atoms,
molecules, and ions of Earth and other planets, as well as the accuracy in the Global Positioning System (GPS). The Flare
Irradiance Spectral Model (FISM) is an empirical model that estimates the solar irradiance at wavelengths from 0.1 to 190 nm
at 1 nm resolution with a time cadence of 60 seconds. This is a high enough temporal resolution to model variations due to
solar flares, for which few accurate measurements at these wavelengths exist, as well as the solar cycle and solar rotation
variations. The FISM algorithms are given, and results and comparisons are shown that demonstrates the FISM estimations

agree within the stated uncertainties to the various measurements of the solar VUV irradiance.

Index Terms. solar variations, solar irradiance, space weather, ultraviolet.

1. Introduction

Measurements of solar VUV irradiance represent a valuable
data set, with historically extensive suites, as well as several
current and planned observational platforms. Despite these
numerous measurements, there are still frequent and long-
duration data gaps, most notably including the pre-
instrumental period (prior to 1946), the period from 1980 to
1998 for the EUV range, and shorter time gaps of minutes to
hours that routinely occur between satellite instrument
observations.

Four of the most widely used solar VUV irradiance
models to fill these gaps are the HFG model (Hinteregger et
al., 1981), the EUVAC model (Richards et al., 2005), the
SOLAR2000 model (Tobiska, 2004), and the NRLEUV
model (Warren et al.,2001). All of these models, except
NRLEUYV, were initially based on Atmospheric Explorer-E
(AE-E) data and several sounding rocket flights. The
SOLAR2000 model has been updated to include TIMED SEE
data as a reference data set in the VUV range.

A comparison of the output from these four models to
the data from Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) Solar Extreme ultraviolet
Experiment (SEE) (Woods ef al., 1998) was given in Woods
et al. (2005). This paper shows the large differences, with
SEE being about 70% higher than the EUV81 and NRLEUV
values in the 5-25 nm broadband range, and EUV§1 about
50% higher in the 50-75 nm range than the SEE over the
duration of the SEE mission at the time of the publications
(Feb 2002-Mid 2004). This shows that significant
improvements in the models are needed in order to accurately
reproduce the solar irradiance for a given day.

2. Improvements of FISM over Previous Models

The advantage of FISM over other models is that FISM
allows a more accurate determination of the solar XUV,
EUV, and FUV irradiances. The FISM algorithms and data
sets used resolve most of the discrepancies between the other
models and the SEE data, including the large solar cycle
offsets and temporal discrepancies due to large active
regions.

A significant improvement for FISM over other empirical
models is its use of recent, more accurate measurements of
the EUV irradiance from the SEE instrument onboard the
TIMED satellite, the FUV irradiance measurements from
SEE as well as from Upper Atmosphere Research Satellite
(UARS) SOLar Stellar Irradiance Comparison Experiment
(SOLSTICE) (Rottman ef al., 1993), and also the XUV and
short-wavelengths EUV measurements from both the SEE
and SORCE versions of XPS. Along with SEE making
approximately 11 observations a day to compute a daily
average, the SEE measurements include observations of over
40 flares of GOES M class or higher. Acquiring these data
sets is statistically crucial in making good fits with the
proxies. Along with SEE providing a statistically significant
improvement in the number of VUV irradiance
measurements, it also has a much smaller uncertainty due to
the calibration method than previous satellites that have
measured the EUV. This calibration method was discussed in
more detail in Chamberlin et al. (2005). With the much
smaller uncertainties of the SEE and SOLSTICE data, a
model based on these data, as FISM is, will be much more
accurate than other models based on the measurements from
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AE-E.

Another significant improvement of FISM is that it can
model the solar irradiance with up to a 3-second temporal
resolution, although the standard output is currently at 60-
seconds, while other models only give one averaged value for
a day. The previously discussed daily models neglect some of
the very rapid, large-magnitude changes in the XUV, EUV
and FUV irradiance due to large solar flares that can have a
significant impact on Earth, and can underestimate the
integrated daily averaged solar irradiance from 0.1-120.0 nm
by more than 13% for a day containing a single X-class flare.
The higher temporal scale for FISM will allow atmospheric
models to calculate the effects of the changing solar
irradiance on Earth more accurately on shorter time intervals.

FISM also makes use of different proxies that have not
currently been utilized in current models, which will be
discussed in further detail in Section 3. These include the 0-4
nm band, the 1-nm bin centered at 36.5 nm, and the 1-nm bin
centered at 30.5 nm. These emissions are used as proxies in
order to more accurately model the solar rotation temporal
irradiance changes of their similar emission processes and
temperatures by providing a more accurate center-to-limb
response.

3. Proxies

Six different proxies are used, when available, to represent
the solar cycle and solar rotation daily irradiance variations
and provide the most accurate estimation of the solar VUV
irradiance for a particular day. These six proxies have
different formation temperatures; therefore, these proxies are
formed in different layers of the solar atmosphere, and most
accurately represent those emissions with a similar formation
temperature. The GOES 0.1-0.8 nm channel, along with the
time derivative of this irradiance measurement are used as a
proxy to represent the variations due to flares.

3.1. Daily Component Proxies

The 10.7 cm radio flux, or F10.7, represents the coronal
continuum (Bremsstrahlung) emissions, and has a long
history of calibrated measurements as far back as 1947. A
more representative proxy for this type of emission is the
XUV irradiance itself, which the 0-4 nm integrated irradiance
from TIMED SEE will be used, when available. The proxy
used for the coronal VUV emissions with have a strong
center-to-limb brightening affect is the 1 nm bin centered on
36.5nm from the SEE measurements. This bin contains
various coronal emissions, including the Fe XVI emission
(36.076 nm) formed at 2.5MK along with a Mg IX emission
(36.8 nm) which has a formation temperature which is
slightly lower in the corona at 1MK. Another proxy that was
studied due to it being a very dominant emission in the EUV
range is the He II 30.4 nm (25,000 K) emission line, which is
used as a proxy for the upper transition region emissions.
Another proxy used for the transition region is the neutral
hydrogen Lyman-o emission line at 121.6 nm, hereafter
referred to as Lyo. The Mg II core-to-wing ratio (Heath and

Schlesinger, 1986) most accurately portrays the

chromospheric emissions, along with the continuum

emissions in the FUV wavelengths.

3.2. Flare Proxies

The long wavelength channel on the GOES X-ray sensor
(XRS) provides a value of the 0.1 to 0.8 nm irradiance. The
GOES XRS was specifically designed to monitor these highly
variable wavelengths that increase by orders of magnitude
during large flares, while it also has the sensitivity range to
capture many small flares. Because GOES XRS values are
currently the only near real-time data that are given on time
scales short enough to represent various changes in irradiance
due to flares, the GOES 0.1-0.8 nm fluxes are used as the
short-term, solar flare proxy for FISM.

There is question as to whether or not the coronal soft X-
rays measured by the GOES XRS can accurately represent
the EUV and FUV irradiance changes during a solar flare, as
these emissions are formed in different regions of the flare
structure. The soft X-ray fluxes have been shown to correlate
with the main-phase EUV irradiance changes from a flare
(Priest, 1981). This relationship has been shown for both the
time duration of the flare and also shows simultaneous peak
times, but these results may also be due to inaccuracies or
limitations of the observations, and may only represent one
specific type of flare. It was also initially derived by Neupert
(1968) that the positive time derivative of the soft X-ray
irradiance is an accurate temporal representation of the hard
X-ray, impulsive phase of the flare. This relationship is now
referred to as the ‘Neupert effect’, and is important for FISM
as the impulsive hard X-rays are shown to correlate with the
impulsive phase of EUV measurements, both temporally and
energetically (McClymont and Canfield, 1986; and others).

4. FISM Concept

The FISM concept to model the solar irradiance is that the
irradiance for a particular wavelength A at time t, E(A,t), has
solar variations above a constant minimum irradiance value,
Emin(A). Additional components added to the minimum
irradiance value are the variations due to solar cycle, AEgc,
solar rotation of active regions, AEsg, and also the impulsive
and gradual phases of solar flares, AE;p and AEgp. This
relationship is given as:

E(A1) = Epyy (A) + AEge (A1) + AEgq (A1) +

AEGP (}L,f)+AE1p A.0n. (1)

min

FISM models the solar cycle and solar rotation irradiance
changes as a relative change above a constant minimum value
based on the proxies’ relative change above its minimum
value. The flare components, both the impulsive and gradual
phase, are modeled as absolute values above the daily value,
which includes the solar cycle minimum value plus the
irradiance contributions from both solar cycle and solar
rotation components. Each type of irradiance variation is
modeled separately, and the form and algorithms for each of
the individual AE components in Eq. 1 are discussed in the
following sections.
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5. FISM Algorithms

5.1. FISM Solar Cycle Algorithms

The long-term variations above the minimum reference
value are the first to be modeled by FISM, and these
variations are dominated by the 1l-year solar cycle
variations. The relative change over the solar cycle is
modeled by the linear equation:

[< E (A1) >108 =Epmin Q) ]/ Ein (A) = Co (1) +

Cse W< Py (1) >108 =Prin ] P> (2)
where

<E;(Aty) >108 —Epin (M) =AE¢c (A,t,).  (3)
The 108-day average for the proxy, <P4(ts)>10s, is the 108-
day mean value centered at day d, and the formulation is
similar to find the 108-day average for the irradiance
measurements, <Ej(A,ty)>10s. The coefficients Cy(A) and
Csc(M) give the linear relationship between the relative
change of the solar cycle proxy value to the relative change
of the solar cycle irradiance value for each wavelength. A
linear fit is performed to solve for Cy(A) and Csc(M) using the
SEE daily average values (Level 3) for the XUV and EUV
wavelengths and the UARS SOLSTICE (from 1992 until
1996) for the FUV at all available times, t, for E4(A,tg), and

then the corresponding proxy values for these times as Py(ty).

5.2. FISM Solar Rotation Algorithms

The absolute changes in the irradiance due to the solar
rotation are given by subtracting the 108-day solar cycle
average from the daily average value. Dividing this residual
by the minimum reference value then gives the relative
change of the solar rotation variations above the solar cycle
values. A linear relationship is then fit in order to model the
relative change of the solar rotation irradiance to the similarly
formed proxy value, or:

[E;(Aty))-< Eg(Aty) > 108 ]/ Eyin = C (A) +
Csr WPy (t)= < Py(tg) >108]/ Prin  (4)

and
E;(At))-<E;(Aty) >108= AEgr (A,1). (5)

Using the proxies, the relative irradiance change for
wavelength bin A and day t4 can then be found by solving the
Eqgs. 2 and 4 using the known coefficients. This gives the
daily averaged model component of FISM, E4(A,tg).

5.3. FISM Gradual Phase Algorithms

As the flare component is the difference between the
irradiance and its daily value, for the measurements as well as
the proxy, a power law relation was considered due to the
large order of magnitude changes that occur in GOES XRS
irradiances. The gradual phase flare algorithm is:

EQtyre) = Eg Ooty) = Cop W[ Pliyre) = Py (14 )]NGP(A) (6)

where
EAtyre)—E; (A ty) = AEqp (A, tyre) - (7

Ngp(MA) equals 1 for the soft X-rays (A < 14 nm), and
therefore Eq. 6 is then just a linear equation, while the Ngp(A)
average for the EUV wavelengths (A > 14 nm) is 0.647.
P4(ty) and Ey4(A,ty) are the daily averaged proxy and irradiance
value measurements for the day ty, just as they were in all
previous equations in this chapter. P(t,) and E(A,ty.) are then
the proxy and irradiance values during a specific time, tyrc,
during the day, t4, in UTC seconds of the day.

5.4. FISM Impulsive Phase Algorithms

Given the relationship of the Neupert effect (Neupert,
1968), which states the time derivative of the gradual phase
of the flare gives the temporal profile of the impulsive phase
of the flare, the FISM impulsive phase algorithm is

[EGtyre) = E;(Aty)] = f(u,h)
d 10 Np(A)
Cpp(h) E(P(tm) - P, (ty)) > 5x10 (8)

where
E(Atyre) = Eqg (A1) = AEp (Astyre). )

The irradiance and proxy values are once again given as
the measured values at time tyrc and the daily values for day
ty, as they were for Eq. 6. The CLV correction, f(w,A), is
derived from the gradual phase CLV of observed flares. The
derivative of the GOES proxy irradiance is limited to be
greater than 5x10™'° in order to have variations only during
the rise of the gradual phase and to eliminate minor
fluctuations of the derivative that are due to measurement
noise and not actual solar variability.

5.5. FISM Uncertainty

The FISM daily component uncertainty is found by
determining the weighted standard deviation of the FISM
daily results from the SEE Level 3 data for the almost 4 years
of available SEE data using the equation given by
Bevington’s (1969) analysis of a least-squared fit to a line, or:

N E,()-E,,, i,A)
[ P M.cas
O'()L) = lz) EMeax (1’)\’)
n-2

]2

(10)

A linear fit contains two degrees of freedom, which is why
n-2 is used in the denominator. This is done for the time
series of each proxy, Ep, and for each wavelength, Eye,s,when
both components are available. The FISM ‘total uncertainty’
is the FISM uncertainties added in quadrature with the
uncertainties of the base data set.
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6. FISM Results and Comparisons

The 1-nm bins of FISM are combined in order to make a
similar broadband data product as the SEM products. Fig. 1
shows the FISM and the Solar EUV Monitor (SEM, Judge et
al. 1998) daily averaged results for the 26-34 nm channels
during solar cycle 23. There are many spikes in the SEM
data, caused by large increases in the counts due to its
sensitivity to high-energy particles, which are not yet
removed from the SEM data. Nonetheless, SEM provides a
data set for which to make comparisons of the FISM results
for almost one complete solar cycle.
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Fig. 1. (A) Time series of the FISM integrated results from 26-34 nm and the
SEM 26-34 nm channel over the time of the SEM mission. (B) The ratio of
the FISM estimates to the SEM measurements.
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There is an approximately 10% offset in the FISM and
SEM data for the optimal time period from 2002 until
present, which is also present when comparing the SEE data
for which FISM was derived from to the SEM data. The
differences between the SEM data and FISM results increase
before 2002 due to the loss of the 30.5 nm, 36.5 nm, and 0-4
nm optimal proxies, for which the Lya and F10.7 proxies are
then used in their place. The discrepancies between the FISM
and SEM data during solar minimum conditions may also be
due to errors in extrapolating the existing SEE data to
determine the FISM solar minimum reference spectrum. The
solar minimum results from FISM are expected to improve in
the next two years as TIMED SEE, SOHO SEM, and SORCE
SOLSTICE all will measure the solar VUV irradiance during
the upcoming solar minimum.

The Results of the 28 October 2003 flare from FISM are
also compared to the SEM 26-34 nm data at 15-second
temporal resolution in Fig. 2. As stated previously, the SEE
data is approximately 10% lower then the SEM data, and this
offset is transferred to the FISM data; therefore the SEM data
in Fig. 2 are multiplied by a factor of 0.9 to account for this
difference. The absolute values between FISM and SEM
results show very good agreement when this discrepancy
between the two data sets is considered. The large increase in
the SEM data seen in Fig. 2, starting around 12:15 UTC, is
due to high-energy particles associated with this X17.2 flare.
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Fig. 2. The FISM 26-34 nm estimates (Black, 60 sec temporal resolution)
and the similar SEM measurements (Grey, 15 sec temporal resolution)
during the X17 flare that occurred on 28 October 2003.

7. Conclusion

FISM has been shown to accurately estimate the solar
irradiance taking into account the changes due to solar cycle,
solar rotation, and flares. FISM data may be requested by
contacting the author at phil.chamberlin@lasp.colorado.edu.
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